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SUMMARY 


A 3-m-diameter by 3-m-long corrugated c y l i n d r i c a l  s h e l l  with ex te rna l  s t i f f e n i n g  
r i n g s  was t e s t e d  t o  f a i l u r e  by buckling. The cor ruga t ion  geometry f o r  t he  graphi te-
epoxy composite cy l inder  wal l  was optimized to  withstand a compressive load producing 
t h e  r e l a t i v e l y  low maximum load i n t e n s i t y  of 157.6 kN/m without  buckling. The 
r e s u l t i n g  m a s s  per u n i t  of shel l -wal l  area, inc luding  s t i f f e n i n g  r i n g s  and f a s t e n e r s ,  
w a s  1.96 kg/m 2 . The cy l inde r  tes t - load  achievement of 101 percent  of design u l t ima te  
demonstrates a s u b s t a n t i a l  mass-saving p o t e n t i a l  over a v a i l a b l e  da ta  f o r  corrugated 
aluminum s h e l l  designs. 

INTRODUCTION 

Future  space missions,  such a s  those involving a space tug o r  s h u t t l e ,  w i l l  
r e q u i r e  l o w - m a s s  s t r u c t u r e s  to  achieve maximum payloads. For such s t r u c t u r e s  t h a t  
must ca r ry  compression loads without buckling, graphite-epoxy ma te r i a l s  o f f e r  an  
a t t r a c t i v e  approach to  providing the  needed low-mass s t r u c t u r a l  components. Prelim
ina ry  design s t u d i e s  of l i g h t l y  loaded s h e l l s ,  us ing minimum-mass s t r u c t u r a l - s i z i n g  
codes, i n d i c a t e  t h a t  r i ng - s t i f f ened  graphite-epoxy corrugated s h e l l s  can, l i k e  corru
gated graphite-epoxy panels  ( r e f s .  1 and 2 ) ,  o f f e r  a mass-saving p o t e n t i a l  of 20 t o  
40 percen t  over aluminum shel l -wal l  design concepts. To eva lua te  the  m e r i t s  of a 
corrugated graphite-epoxy c y l i n d r i c a l  s h e l l  and to  develop a design da ta  base �or  
l i gh twe igh t  space s t r u c t u r e s ,  a program was i n i t i a t e d  to  design, f a b r i c a t e ,  and tes t  
a 3-m-diameter by 3-m-long corrugated r ing - s t i f f ened  graphite-epoxy cy l inder .  

The prel iminary design f o r  the  cy l inder  was generated using a minimum-mass 
s t r u c t u r a l - s i z i n g  code ( r e f .  3)  t o  ca r ry  an u l t ima te  axial-compression loading in ten
s i t y  of 157.6 kN/m. The prel iminary design f o r  the s h e l l  was modified and v e r i f i e d  
by t e s t i n g  subcomponent specimens as descr ibed i n  re ference  4 .  The s h e l l  wal l  was 
f a b r i c a t e d  from th ree  f l a t  corrugated shee t s  wrapped t o  the  proper  c y l i n d r i c a l  shape 
as descr ibed i n  re ferences  5 through 7. The t e s t  method used t o  produce the  load 
i n t e n s i t y  was t o  mount t he  specimen a s  a can t i l eve red  cy l inde r  and apply a pure bend
ing  moment t o  the  end. S tud ie s  by Seide ( r e f .  8)  have shown t h a t  f o r  length-to
diameter r a t i o s  of the  order  of 1 . 0 ,  t he  same buckling behavior occurs  on the  com
pres s ion  s i d e  of the  cy l inder  i n  bending a s  f o r  a x i a l  compression. The purpose of 
t h i s  paper  i s  to  p resen t  t he  r e s u l t s  from the  test  of the  cy l inder .  

TEST SPECIMEN 

The o v e r a l l  conf igura t ion  of t he  3-m-diameter s h e l l  (descr ibed  i n  d e t a i l  i n  
r e f s .  4 through 7)  c o n s i s t s  of a corrugated w a l l  s t i f f e n e d  with fou r  e x t e r n a l  s t i f f 
ene r  r i n g s  spaced a t  60.96-cm i n t e r v a l s  along the  3.05-m l eng th  of the  s h e l l ,  as 
shown i n  f i g u r e  1. The t o t a l  l ength  of the  specimen is 3.15 m inc luding  the  steel 
loading  r i n g s  which serve as connecting i n t e r f a c e s  with the  test  machine t h a t  a p p l i e s  
the  bending moment to  the  s h e l l .  The open cor ruga t ions ,  running the  length  of t h e  
cy l inde r ,  have a p i t c h  of 11.40 cm i n  the c i r cumfe ren t i a l  d i r e c t i o n  and a crown, or 
f l a t ,  width of 3.650 cm. 
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The graphite-epoxy material ( t a b l e  1)  used f o r  f a b r i c a t i n g  the  cy l inde r  w a l l  and 
s t i f f e n e r  r i n g s  i n  t h i s  i n v e s t i g a t i o n  w a s  Union Carbide Thornel 300 g raph i t e  f i b e r s  
preinpregnated with Normco 5208 epoxy r e s i n ,  t he  material being obtained i n  30.48-cm
wide tape form. The layup f o r  the  corrugated w a l l  c o n s i s t s  of four  pl ies  of symmet
r i c  f45O f i b e r s  with f i v e  pl ies  of 00 r e i n f o r c i n g  l o n g i t u d i n a l s  sandwiched between 
the  f45O pl ies  a t  each crown. (See f i g .  1.1 To s u b s t a n t i a t e  the  computed s t i f f n e s s  
p r o p e r t i e s  f o r  the  shel l -wal l  material, t e n s i l e  t e s t  coupons w e r e  c u t  from an 
undamaged sec t ion  of the  cy l inder  w a l l  a f t e r  t he  t e s t .  S ix  coupons each w e r e  made 
from the  crowns and from the  webs of the  w a l l  sec t ion .  Each coupon w a s  instrumented 
with e l e c t r i c a l  r e s i s t a n c e  s t r a i n  gages t o  measure long i tud ina l  and t r ansve r se  
s t r a i n s .  S t i f f n e s s  va lues  and t ransverse  con t r ac t ions  from the  load-s t ra in  data  f o r  
these  coupon tests w e r e  averaged f o r  t he  t abu la t ion  shown i n  t a b l e  2.  A s  t he  
t abu la t ed  r e s u l t s  show, the re  i s  good agreement between the  experimental  va lues  
and the  a n a l y t i c a l  values  computed us ing  the  nominal lamina p r o p e r t i e s  shown i n  
t a b l e  1. The average p ly  th ickness  from the  measurements was 0.0132 cm f o r  t he  crown 
coupons and 0 . 0  130 cm f o r  the  web coupons. 

The s t i f f e n e r  r ings  have a c losed-hat  cross sec t ion  c o n s i s t i n g  of four  symmetric 
pl ies  of f45O f i b e r s ,  and the  base strip f o r  the  closed-hat  s ec t ion  has a 
[k45/O2/f45I layup. The s t i f f e n e r  r ings  were adhesively bonded and r i v e t e d  to  the  
crowns of the cy l inder  wal l .  Scalloped attachment r ings ,  made of aluminum, w e r e  
mechanically a t tached  t o  each end of the  cy l inde r  to  t r a n s f e r  the  appl ied  load t o  the  
corrugated s h e l l  wal l .  The cor ruga t ion  crowns underneath the  sca l loped  attachment 
r i n g s  were l o c a l l y  re inforced  with a d d i t i o n a l  Oo doubler p l ies  t h a t  tapered i n  s t e p s  
down t o  the  bas i c  shel l -wal l  geometry a s  shown i n  f i g u r e  1 and descr ibed i n  d e t a i l  i n  
r e fe rences  4 through 7. 

APPARATUS AND CYLINDER TEST PROCEDURE! 

The appl ied  bending load i s  introduced i n t o  the  s h e l l  wal l  by the  s e t  of concen
t r i c  scal loped attachment r ings  bo l t ed  t o  each end of t he  cy l inder .  These scal loped 
attachment r ings  a r e  bo l t ed  t o  angle-sect ion aluminum adapter  r i n g s  t o  t r a n s f e r  t he  
app l i ed  load from the  loading r ings  t o  the  scal loped attachment r ings .  (See f i g s .  1 
through 3 . )  The loading r ings  a r e  bol ted  t o  conica l  loading f i x t u r e s  as shown i n  
f i g u r e  4. The conica l  loading f i x t u r e  a t  one end of the  cy l inde r  i s  mounted t o  a 
r i g i d  wal l .  The conica l  loading f i x t u r e  a t  the o the r  end of the cy l inder  i s  a t t ached  
t o  a t r i a n g u l a r  loading frame t h a t  a p p l i e s  the  bending load through two loading arms. 
(See f i g .  4 .  ) These arms apply equal and opposi te  loads t o  the  conica l  loading f i x 
t u r e s  through an end-plate f i x t u r e .  The loading arms p i v o t  about p i n s  i n  the  t r i an 
gular  loading frame and i n  the  end p l a t e  t o  allow the  t e s t  cy l inder  freedom t o  r o t a t e  
and t o  move upward under the  a c t i o n  of the  appl ied  bending load. The masses of the  
con ica l  f i x t u r e ,  loading r ing ,  and end p l a t e  a r e  balanced by two counterweights con
nected t o  two balance beams mounted on top of a p a i r  of end-f ixture  support  beams 
above the cy1inde r. 

The t r i a n g u l a r  loading frame r o t a t e s  about a main p i v o t  p i n  through i t s  v e r t i c a l  
l e g  and the  two f l o o r  supports  bo l t ed  to  the  labora tory  f l o o r .  (See f i g .  4 .  ) Loaded 
a s  described, t he  cy l inde r  rece ives  axial-compression loading on the  top, and the  
bottom of the  s h e l l  i s  under tension.  The p o s s i b i l i t y  of extraneous loads  i n  the  
tes t  cy l inde r s  was minimized by employing r o l l e r s  between moving su r faces  and by 
counterbalancing the  conica l  and end-plate f i x t u r e s  near t h e i r  c e n t e r s  of g rav i ty .  
R o l l e r s  w e r e  used between the  loading frame and the  f l o o r  supports  a s  w e l l  a s  between 
the  loading frame and the  loading jack. U s e  of the  r o l l e r s  allows a x i a l  movement of 
t he  cy l inde r  end during app l i ca t ion  of load and he lps  t o  r e s t r i c t  the  loads a t  t he  
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rol ler  l o c a t i o n s  to  normal loads. The rollers w e r e  case hardened, as  w e r e  t he  sur
f aces  on which they ro l l ed .  

The cy l inde r  w a l l  w a s  instrumented on the i n s i d e  and ou t s ide  su r faces  with 
s t r a i n  gages. Displacement t ransducers  along the bottom of the cy l inde r  w e r e  used t o  
measure the  cy l inde r  de f l ec t ions .  The strain-gage readings,  t he  dvisplacements, and 
the appl ied jack load w e r e  recorded us ing  a computerized da ta -acqu i s i t i on  system. 

LOAD INTRODUCTION DETAILS 

An examination of strain-gage da ta  from a prel iminary test of the cy l inde r  a t  
30 pe rcen t  of design load revealed a severe load in t roduc t ion  problem a t  the ends of 
the cyl inder .  A 5.56-cm o f f s e t  between the cen t ro id  r a d i u s  of the loading r i n g  and 
t h e  midsurface r ad ius  of the s h e l l  w a l l  produced a n  inplane r i n g  r o l l i n g  moment i n  
the loading r i n g s  t h a t  produced s u b s t a n t i a l  shel l -wal l  bending a t  the ends of t h e  
s h e l l .  The s e v e r i t y  of t he  shel l -wal l  bending caused concern over the p o s s i b i l i t y  of 
premature buckling of the cyl inder .  

An a n a l y s i s  of the cy l inde r  w a s  made with BOSOR 4 ( r e f .  9 )  u s ing  a d e t a i l e d  
computer model t h a t  included the loading r ing,  adap te r  r i ng ,  scal loped attachment 
r i n g ,  and corrugated s h e l l  w a l l .  (See f i g .  5. ) Analysis of t h i s  model revealed t h a t  
the scal loped attachment r i n g  r o t a t e d  with the r o l l i n g  of the loading r i n g  and caused 
a l a r g e  inward displacement of the s h e l l  w a l l  near t he  scal loped attachment r ings .  
Because of l a w  shel l -wal l  hoop s t i f f n e s s ,  the inward displacement produced high 
shel l -wal l  bending s t r a i n s  i n  add i t ion  to  the app l i ed  a x i a l  s t r a i n .  I t  w a s  found 
through computer a n a l y s i s  t h a t  the problem could be el iminated by using p rope r ly  
s i z e d  spacer blocks with beveled ends ( f i g .  5) between t h e  adapter  r i n g s  and the  
scal loped attachment r ings .  The aluminum spacer blocks,  placed between the  adap te r  
r i n g s  and the  scalloped attachment r i n g s  a t  each bol t  holding these  r ings  together  
( f i g s .  5 and 61, added 3.81 c m  t o  the o v e r a l l  length of t he  s h e l l .  This  brought t h e  
t o t a l  l eng th  t o  3.19 m including the  steel loading r ings .  A s  can be seen from f i g 
u r e  7, the  spacer blocks served t o  i s o l a t e  the r o l l i n g  of t he  loading r i n g  from t h e  
s h e l l .  Th i s  s i g n i f i c a n t l y  reduced the  shel l -wal l  bending s t r a i n s  i n  the  cyl inder .  
The a x i a l  p o s i t i o n  along the s h e l l  has been normalized with r e spec t  to  the  t o t a l  
s h e l l  l eng th  1 of 3.05 m. The s t r a i n  values  have been normalized with r e s p e c t  
t o  the a x i a l  s t r a i n  appl ied t o  the corrugat ion crowns a t  the top of the cy l inde r  
(Oo c i r cumfe ren t i a l  l o c a t i o n  as  shown i n  f i g .  8 ) ,  assuming no shel l -wal l  bending. 
The app l i ed  s t r a i n  i s  computed from the appl ied loading i n t e n s i t y  and the  ca l cu la t ed  
extensional  s t i f f n e s s  given i n  t a b l e  2 f o r  the corrugated s h e l l  w a l l .  A s  can be 
seen, t he  shel l -wal l  bending causes the to ta l  s t r a i n  to  be nearly twice t h e  app l i ed  
s t r a i n .  

A second preliminary test made with the spacer blocks i n  place ind ica t ed  t h a t  
the bending s t r a i n s  i n  the s h e l l  w a l l  w e r e  s u f f i c i e n t l y  reduced t o  allow a success fu l  
buckl ing tes t  of t he  cyl inder .  N o  buckling or material f a i l u r e s  w e r e  observed near  
the loaded ends of t he  s h e l l  during subsequent t e s t i n g ,  i n d i c a t i n g  t h a t  t he  spacer 
blocks had s u f f i c i e n t l y  reduced the  shel l -wal l  bending s t r a i n s  to  p reven t  a premature 
f a i l u r e .  
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RESULTS AND DISCUSSION 

The experimental a x i a l - s t r a i n  d i s t r i b u t i o n  along the  s h e l l  l eng th  i s  shown i n  
f i g u r e  7 ,  and the  a x i a l  s t r a i n s  computed by the  BOSOR 4 a n a l y s i s  i s  shown f o r  compar
ison.  These s t r a i n  values  have been,normalized w i t h  respect to  the  appl ied a x i a l  
s t r a i n  as descr ibed i n  the  preceding sec t ion .  Although the  abso lu te  magnitudes do 
n o t  compare exac t ly  f o r  experiment and a n a l y s i s ,  t he  reduct ion t r ends  between s t r a i n s  
wi th  and without  the spacer blocks compare very favorably.  

The app l i ed - s t r a in  d i s t r i b u t i o n  for  a pure app l i ed  moment i s  expected t o  be a 
cosine-function d i s t r i b u t i o n  around the  circumference. The experimental s t r a i n  dis
t r i b u t i o n  i s  compared i n  f i g u r e  8 with the  expected s t r a i n  d i s t r i b u t i o n  and i s  i n  
c l o s e  agreement, i n d i c a t i n g  t h a t  near-pure bending w a s  appl ied.  

The v e r t i c a l  displacement along the l eng th  of the cy l inde r  r e l a t i v e  t o  i t s  i n i 
t i a l  p o s i t i o n  a t  va r ious  load levels during the  test  are shown i n  f i g u r e  9. The 
measured displacement a t  the end of the s h e l l  a t  100 pe rcen t  of design load w a s  
0.96 cm. 

The l o c a t i o n  of s t r a i n  gages on the top sec t ion  of the cy l inde r  i s  shown i n  
f i g u r e  1 0 ,  and the response da t a  from these s t r a i n  gages are shown i n  f i g u r e s  11 
through 13. Because of bending i n  the crown, l o c a l  buckling appears i n  back-to-back 
strain-gage data  p l o t s  as a divergence of the two s t ra in-response curves. A t  l o c a l  
buckling, one of these two s t ra in-response curves reaches a p o i n t  of maximum s t r a i n  
before  reversing.  General i n s t a b i l i t y  modes i n  the s h e l l  w a l l ,  however, r e s u l t  i n  a 
bending moment ac ross  the depth of the corrugat ion.  Thus, t h i s  mode is cha rac t e r i zed  
by divergence and r e v e r s a l  response curves of the back- to-back strain-gage p a i r s  on 
a d j a c e n t  corrugat ion crowns where one crown i s  on the inward s i d e  of t he  s h e l l  w a l l  
and the o the r  crown is  on the outward s i d e  of the s h e l l  w a l l .  A s  can be seen from 
t h e  response curves i n  f i g u r e s  11 through 13, t he re  i s  evidence of l o c a l  and general  
i n s t a b i l i t y  modes occurr ing simultaneously i n  the s h e l l  w a l l .  The s h e l l  w a l l s  
between r i n g s  1 and 2 and r i n g s  2 and 3 show a pronounced general  i n s t a b i l i t y  mode 
behavior. Between r i n g s  3 and 48 however, l o c a l  buckling behavior occurred p r i o r  t o  
general  s h e l l  i n s t a b i l i t y ,  as  ind ica t ed  by the responses o f  gages 33 and 34. The 
occurrence of t h i s  l o c a l  buckling mode produces a l o c a l  reduct ion i n  crown s t i f f n e s s ,  
which i n  tu rn  causes a reduct ion i n  o v e r a l l  bending s t i f f n e s s  of the s h e l l  wa l l  i n  
t h a t  area. A s  a r e s u l t ,  it i s  probable t h a t  a general  i n s t a b i l i t y  mode developed as  
a r e s u l t  of the pronounced l o c a l  i n s t a b i l i t y ,  r e s u l t i n g  i n  a loss i n  o v e r a l l  she l l -
w a l l  bending s t i f f n e s s  i n  the area. The s h e l l  col lapsed with a sudden loss of load-
c a r r y i n g  c a p a b i l i t y  i n  a general  i n s t a b i l i t y  mode between r i n g s  3 and 4 a t  a load 
101 pe rcen t  of the des i r ed  u l t ima te  load. The s t r a i n  l e v e l s  produced during t h i s  
i n s t an taneous  co l l apse  w e r e  s u f f i c i e n t  to  cause material sepa ra t ion  i n  the s h e l l  w a l l  
extending over two-thirds of the circumference of the cyl inder .  (See f i g .  14.)  

The measured cy l inde r  mass of 57.08 kg ( d e t a i l s  i n  r e f .  7 )  included n e i t h e r  t h e  
end r i n g s  nor the scalloped attachment r ings .  As constructed,  t he  3-m-diameter by 
3.05-m-long cy l inde r  yielded a m a s s  p e r  u n i t  area of 1.96 kg/m 2 . 

The measured t e s t  load and m a s s  f o r  the graphite-epoxy cyli’nder are shown on t h e  
mass-strength p l o t  of f i g u r e  15. The s tandard mass parameter W/RA i s  shown on a 
log-log p l o t  with the standard s t r eng th  parameter Nx/R, where 

W mass of s h e l l  

A surface area 
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R r a d i u s  

NX wa l l  load per u n i t  width 

The open-circle  data p o i n t s  i n  f i g u r e  15 w e r e  computed from data given i n  r e fe r 
ences 10 through 12. The masses of t he  aluminum s h e l l s ,  no t  given i n  these  r e fe r 
ences, w e r e  computed f o r  f i g u r e  15 using the  given nominal geometry va lues  and a 
2767-kg/m3 dens i ty  f o r  aluminum. The mass of r i v e t s  or gusse t s  w a s  no t  included i n  
t h e s e  ca l cu la t ions .  Although the  corrugated aluminum s h e l l s  w e r e  no t  optimized by 
the  s a m e  methods used f o r  the  graphite-epoxy s h e l l ,  they do rep resen t  a range of low-
m a s s  corrugated aluminum cons t ruc t ion .  By comparison, t he  corrugated graphite-epoxy 
cy l inde r  i n  f i g u r e  15 shows a s u b s t a n t i a l  mass-saving p o t e n t i a l  over t he  corrugated 
aluminum s h e l l s .  

CONCLUDING REMARKS 

Local buckling modes i n  the  she l l -wal l  cor ruga t ions  w e r e  observed t o  i n t e r a c t  
w i th  the  general  s h e l l  mode t o  cause a collapse f a i l u r e  of t he  s h e l l .  D e t a i l s  of t he  
method of load in t roduc t ion  proved to  be c r i t i c a l ,  and a cau t ious  test procedure led 
t o  a modif icat ion of t he  load in t roduc t ion  f i x t u r e s .  Th i s  modi f ica t ion  prevented a 
p o s s i b l e  premature f a i l u r e  of t he  test  specimen. Comparisons of a x i a l  s t r a i n s  a long  
the  top of t he  s h e l l  from the  tes t  and from a d e t a i l e d  shel l -of-revolut ion a n a l y s i s  
w e r e  used to  prove the  concept f o r  modifying the  load in t roduc t ion  f i x t u r e s .  The 
des i r ed  design u l t ima te  load of 157.6 IcN/m w a s  reached before  buckling, and the  over
a l l  she l l -wal l  mass w a s  1.96 kg/m2 f o r  t he  mass-strength optimized, corrugated,  
graphite-epoxy cy l inder .  A t  101 percent  of t he  design u l t ima te  load, t he  s h e l l  col
lapsed suddenly and c a t a s t r o p h i c a l l y ,  wi th  severe material separa t ion  over two-thirds 
of t he  s h e l l  circumference. A s u b s t a n t i a l  mass-saving p o t e n t i a l  w a s  demonstrated 
compared with a v a i l a b l e  da t a  f o r  corrugated aluminum designs.  

Langley Research Center 

Nat iona l  Aeronautics and Space Adminis t ra t ion 

Hampton, VA 23665 

June 8, 1982 
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TABLE 1.- LAMINA MATERIAL PROPERTIES 

Lamina thickness ,  cm ......................................................... 0.014 
Modulus i n  f iber  d i r ec t ion ,  GN/m2 ............................................ 131.O 
Modulus i n  transverse d i r e c t i o n ,  GN/m2 ....................................... 13 .O 
Lamina shear  modulus, GN/m2 .................................................. 6.41 
Major Poisson ' s  ra t io  ........................................................ 0.380 
Lamina dens i ty ,  kg/m3 ........................................................ 1522 

TABLE 2.- MEASUFtED PROPERTIES O F  CORRUGATION WALL 

Ratio of t r ansve r se  
t o  long i tud ina l  

s t r a i n  

Experimental  Computed 

0.694 0 -628 

0.750 0.718 

W a l l  
s e c t i o n  

Crown 
(f45/05/*45) 

-

W e b  
(*45Is 

._  . .-

Load per u n i t  width 
I MN/m

S t r a i n  

Experimental computed 
.. __  

112 105 

11.2 12.3 

- .. 
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Graphite-epoxy 
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SECTION D-D 

S t i f  fener ring 

Loading r i  

Graphite-epoxy ( t45)  Grap h i  te- epoxy 
143/5208 E-GLASS (3  p l ies )  

11.400 
(+45/05/T45) typical 

Graphi te-epoxy (245) 
I 

0.056 I 
2.19 -+ -

0.126 
-

3.650 4 Graphi te-epoxy 
ins ta l led  wet (*45)s typical 

152.4 radius VIEW B 
I 

315.00 
She1 1 spl ice ,
three equal 

I 

Corrugated 
s he1 1 

. Scall  oped
attachment 

r i n g  

Figure 1.- Configuration of 3-m-diameter graphite-epoxy corrugated cy l inde r  s h e l l .  
Dimensions are i n  centimeters.  
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Figure 2.- Loading-ring and scalloped-attachment-ring details at end of cylinder. 

Dimensions are in centimeters. 
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Figure 5.- Schematic of model used in shell analysis. 
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Figure 6.- Spacer blocks in place between scalloped attachment ring 

and adapter ring. Dimensions are in centimeters. 
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Figure 7. - Axial s t r a i n  a t  t o p  of cy l inde r  from a n a l y s i s  and t e s t  a t  
30 percen t  of design load. 
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Figure 8.- Axial s t r a i n  around circumference a t  midlength of c y l i n d e r  
with spacer blocks i n  place. 
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Figure 9.- Deflect ion of cy l inde r  under bending moment. 
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Figure 10  .- Strain-gage loca t ions  on top of cy l inder .  
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Figure 1 1 . - Strain-gage (SG) responses i n  sec t ion  between rings 1 and 2. 
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Figure 12.- Strain-gage ( S G )  responses i n  s e c t i o n  between r i n g s  2 and 3 .  
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Figure 13.- Strain-gage (SG) responses i n  s e c t i o n  between r ings  3 and 4. 
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Figure 94.- Photograph of corrugated cy l inder  immediately a f t e r  f a i l u r e  with 
postbuckled load s t i l l  appl ied.  

24 


.--. .... ...II I .  ,, 




0 Aluminum t e s t  data 
Graphi te-epoxy-cy1 i nder t e s t  dati 

0-
0 

0 
0 O 0  0 

0 

50 100 200' 300 500 

Strength I&, kN/m 2 
R 

Figure 15.- Mass-strength p l o t  showing mass-saving p o t e n t i a l  of 
graphite-epoxy cy l inde r .  
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